Sharp Sides to the African Superplume
Sidao Ni*, Eh Tan, Michael Gurnis, Don Helmberger
Beneath southern Africa is a large structure about 1200 kilometers across and extending obliquely 1500 kilometers upward from the core-mantle boundary with a shear velocity reduction of about 3%. Using a fortuitous set of SKS phases that travel along its eastern side, we show that the boundary of the anomaly appears to be sharp, with a width less than 50 kilometers, and is tilted outward from its center. Dynamic models that fit the seismic constraints have a dense chemical layer within an upwardly flowing thermal structure. The tilt suggests that the layer is dynamically unstable on geological time scales.
The largest low-velocity structures in the lower mantle occur beneath southern Africa and the mid-Pacific. These low-shear wave velocity structures are correlated with hot spots (1) , suggesting that the decrease in velocity is associated with an increase in temperature. The positive geoid anomaly and high topography over Africa (2, 3) and the broad-scale Cenozoic uplift (4) are consistent with warm, rising mantle beneath Africa. However, recent tomographic imaging of the whole mantle suggests that bulk sound velocity and shear velocity (V s ) are negatively correlated within the African and Pacific anomalies (5) , suggesting that the anomalies are chemical in origin, not thermal. The chemical hypothesis is supported by an inversion of normal modes (6) which indicates that the density of the lower mantle may increase within the two low V s anomalies. If, over large scales (scale lengths of 1000 km), high-density chemical anomalies are embedded within thermal upwellings, as found in dynamic models (7-9), then we predict that there should be sharp jumps in seismic velocity, either radially or laterally, within the broad-scale low V s structures delineated by seismic tomography. Here, we test this prediction with body wave seismology. We search for rapid variations in V s along paths between Africa and South America because of an ideal combination of earthquakes and seismic arrays that sample the African anomaly (10) . Lowermost mantle structure can be distinguished from event mislocation and upper mantle structure using differential travel times of the phases S c S and SKS relative to S (Fig. 1A) . Anomalous patterns in S c S -S differential times, with delays as high as 10 s at epicentral distances beyond 90° (11, 12) , are not explained by tomographic models, which require sharpening and enhancing to produce such strong effects (Fig. 1B) . Moreover, the travel times for the phase SKS can change rapidly when crossing the western and eastern boundaries of the African anomaly, with changes as large as several seconds between neighboring stations that have spacings of less than 50 km (Fig. 1C) . When SKS data are modeled alone there is a trade off between thickness and velocity reduction that can be removed by adding the combination of S c S -S and SKS -S data (10). Our preferred model fitting differential times and waveforms along this corridor is the LVZ2 model (Fig. 1A) . It is a two-dimensional (2D) idealization of a large complex anomaly, which we will refer to as the African Low Velocity Structure (ALVS). The ALVS is aligned NW-SE and is about 1200 km wide, whereas the cross section LVZ2 extends at least 1200 km above the core-mantle boundary and leans toward the east between latitudes 15°a nd 30°S.
These large-scale features are apparent in seismic record sections. The sharpness of the western boundary (WB) is particularly evident from a rapid jump in travel times occurring near 100°for events recorded by the South African Array ( Fig. 2A) . Because the travel time jump occurs at different stations for other events, this feature is not related to shallow structure (10) . A complementary travel time anomaly occurs for phases crossing the eastern boundary (EB), except that the jump in timing occurs in reverse order (Fig.  2B) . SKS is delayed about 5 s for epicentral distances smaller than 97°; it becomes normal beyond 99°, as recorded by the Tanzanian Array, and is unlikely to be related to shallow structure (10) .
The steepness of the SKS paths and their relative sharpness in delay times when crossing the edges of the ALVS are used to map out the boundaries. Although the arrival of SKS for large distances (Ͼ99°) is normal, it is late for small epicentral distances (Ͻ98°). Between 97°and 100°, the waveforms are broader (Fig. 2B ). This pattern of waveform complication is probably caused by multipathing. For the shear velocity profile (Fig.  1A) , the raypath of SKS around 97°is in the middle of the ALVS and yields a late SKS phase. However, for large epicentral distances (Ͼ100°), the raypath of SKS is outside ALVS and leads to normal arrivals. But when the raypath of SKS is close to the boundary of ALVS, two arrivals are produced: one from the ALVS and one from the surrounding higher velocity. If the boundary is sharp enough and the edge is nearly parallel to the raypath of SKS, a complicated waveform results. We demonstrate this phenomenon with 2D synthetic seismograms generated from the LVZ2 model (Fig. 2, C to E) . For a sharp boundary with the edge almost parallel to a SKS raypath, complicated waveforms appear around 97° (Fig. 2C) . But if the boundary is gradual (60 km or more), SKS waveforms lose their complexity (Fig. 2D) . By comparing these synthetics with observed record sections, we estimate that the transition width should be less than 50 km. However, the slope of the edges is also important in controlling the shape of the waveforms. We explored the trade off between width and slope and found that SKS waveform distortion does not occur when the edge is not well aligned with the SKS raypath (Fig. 2E) . Though the idealized synthetics display the waveform complexity over a short epicentral interval (about 1°), the observations indicate a broad zone. Part of this is caused by geometry; stations at the same epicentral distance are separated substantially in azimuth and, apparently, sample the wall differently.
The multipathing of SKS phases, which travel up the sides of the African superplume, are diagnostic of the underlying dynamics. The observations suggest five features of the LVZ2 relevant to understanding the origin of the structure: (i) the eastern side of the anomaly is sharp, i.e., it has a drop in shear velocity of about 3% over a lateral length scale less than 50 km; (ii) the eastern vertical boundary of the anomaly is inclined or tilted away from the bulk of the anomaly; (iii) the western boundary may also be relatively sharp and tilted in the same direction as the eastern boundary; (iv) the location of the sharp interface is collocated with the larger-scale seismic anomaly; and (v) the distance between the two sides of the anomaly is between one and two times the height of the structure.
We have attempted to simultaneously fit the observed sharpness and shape of the LVZ2 with models of mantle convection incorporating a plausible range of parameters. The models have a dense basal layer interacting with thermal convection, and they are controlled by the Rayleigh number (Ra) and the buoyancy number (B) (10) . The influence of increasing B is to stabilize the dense layer while reducing the topography of the layer (9, 13) .
The chemical origin of the dense layer may be due to substitution of Mg by Fe in the mineral assemblage. Using relations between V s and temperature and density, we transform model output into V s (10, 14) . With no variations in chemistry and at relatively high Ra ( 10 7 ), seismic velocity variations occur over showing the apparent multipathing is compared with synthetics on the right for various test cases. When the transition is thicker than about 60 km, the SKS synthetics change gradually with a few fat pulses near 98°. To produce some of the most disturbed observed waveforms requires a relatively sharp transition and a fortuitous geometry. a length scale of 200 km with a reduction in V s of only 2% (Fig. 3C, profile 3 ). By assigning different seismic velocities across the chemical interface, we find a V s decrease of almost 3% in a distance of 100 km, with half of the decrease occurring as an abrupt jump (Fig. 3C, profiles 1 and 2) . For low Rayleigh number cases (10 6 ), similar structures are found but the chemical layer is embedded in a broad thermal halo (Fig. 3C, profile 4) . We have not been able to find a purely thermal plume that produces an interface sharp enough to give the SKS multipathing; we conclude that it is more likely that the interface has a chemical origin.
The inclination of the interface is also diagnostic of the dynamics. If the dense basal layer is stable, then the interface between the two layers is always tilted toward the center of the anomaly (Fig. 3B) . We find that the interface becomes tilted away from the central anomaly only when the chemical layer is unstable, that is, when the thermal buoyancy is greater than the chemical. Moreover, the two sides of the rising diapir are generally not parallel (as the seismic observations of Africa suggest); both sides become tilted inward near the base of the mantle and outward near the top of the diapir (Fig. 3A) .
Alternatively, the inclination could be caused by a large-scale mode of convection, including flow associated with plate motion. Over the past 100 million years (My), Africa has moved northeastward in a hot spot frame of reference (15) . This motion is in the same overall direction as the tilting of the ALVS (16) . Although previous models have been able to reproduce the tilt of the ALVS, a tilt that may be caused by the shear associated with the African plate (17), they typically display diffuse mantle structures inconsistent with the sharpness implied by SKS multipathing. This result motivates a second class of dynamic models with an imposed velocity boundary condition simulating the northeastward motion of Africa (Fig. 3, D through F) . The thermochemical anomaly with sharp edges can be tilted, but we have been unable to find plumes with subparallel sides (Fig. 3E) or with widths comparable to their heights (Fig. 3D) . When the coefficient of thermal expansion (␣) decreases with depth, we are unable to match the shape of LVZ2. When ␣ decreases with depth, thermo-chemical plumes are unstable in the mid-mantle but stable in the lowermost mantle, and the plumes give rise to tilts distinctly different from those observed. However, with a uniform ␣, we are able to reproduce the shape of the LVZ2 (Fig. 3F) . The structure has sharp boundaries tilted over in the direction of plate motion, subparallel sides, and a width comparable to its height. The better fit of cases with apparently unrealistic ␣ suggests that a physical process is absent from the dynamic models. However, models with sharp boundaries and outwardly tilting edges are always transient because the dense chemical layer is being actively entrained upward. The implications of this result are important for the thermal and chemical evolution of the mantle.
